Abstract This paper presents the performance of palladium-platinum core-shell catalysts (Pt/Pd/C) for oxygen reduction synthesized in gram-scale batches in both liquid cells and polymer-electrolyte membrane fuel cells. Core-shell catalyst synthesis and characterization, ink fabrication, and cell assembly details are discussed. The Pt mass activity of the Pt/Pd core-shell catalyst was 0.95 A mg -1 at 0.9 V measured in liquid cells (0.1 M HClO 4 ), which was 4.8 times higher than a commercial Pt/C catalyst. The performances of Pt/Pd/C and Pt/C in large single cells (315 cm 2 ) were assessed under various operating conditions. The core-shell catalyst showed consistently higher performance than commercial Pt/C in fuel cell testing. A 20-60 mV improvement across the whole current density range was observed on air. Sensitivities to temperature, humidity, and gas composition were also investigated and the core-shell catalyst showed a consistent benefit over Pt under all conditions. However, the 4.8 times activity enhancement predicated by liquid cell measurements was not fully realized in fuel cells.
Introduction
Polymer electrolyte membrane (PEM) fuel cells face hurdles to commercialization in automotive applications in part because of the high cost of Pt-based catalysts used in the anode and cathode. [1] [2] [3] Reducing the amount of Pt in PEM fuel cells has long been a focus among automotive companies and researchers. 4, 5 One of strategies to reduce the amount of Pt is to increase the rate of oxygen reduction reaction per unit mass of Pt. Core-shell catalysts that consist of an ultrathin Pt shell and a Pd core have been proposed as candidates to replace pure Pt. [6] [7] [8] [9] [10] In addition to the high Pt utilization and lower cost of the Pd core, strain and electronic effects induced by the Pd core can enhance the activity of the Pt shell for the ORR, 11 leading to a greater activity per mass of Pt than expected based on the utilization improvement alone.
The Cu-mediated-Pt-displacement method developed by Adzic et al. can theoretically produce a Pt monolayer on a Pd core. 7 In this method, a Cu monolayer deposited on a Pd core is displaced by Pt via a surface limited redox replacement (SLRR) reaction: Cu/Pd + PtCl 4 2-→ Pt/Pd + Cu 2+ + 4Cl -. Most core-shell catalysts made by the Cu-Pt-displacement method were synthesized on a microgram scale, i.e., with the Cu UPD and Pt displacement reactions on a rotating disk electrode (RDE) tip. When this process was transferred to the gram scale, the high activity of core-shell catalysts was not fully realized. So far, only a limited amount of core-shell materials have been synthesized at a gram scale and tested in real fuel cells. [12] [13] [14] [15] [16] [17] [18] [19] For instance, Naohara et al. 13 firstly reported the synthesis of Pt/Pd/C on a gram scale with a Pt mass activity around 0.6 A mg -1 at 0.9 V (measured in RDE), which was lower than that of the same type of material synthesized at a RDE tip and measured by the same group (0.96 A mg -1 ). 20 Furthermore, the Pt mass activity (0.3 A mg -1 ) of the Pt/Pd/C catalyst measured in a fuel cell was only half of that measured in RDE. 15 Various issues related to scaling the batch size have resulted in less active and stable catalysts. Other possible reasons include differences in testing protocols and test conditions between RDE and fuel cell. 17 Thus, an increasing focus on synthesis at large scales and understanding the fuel-cell performance is necessary.
Ideally, a uniform Pt monolayer is deposited on the core after all Cu atoms are replaced in the SLRR reaction. However, our in situ XRD results in an H 2 environment demonstrated that Pt clusters rather than a uniform Pt shell was formed on Pd nanoparticles. 12 The mechanism underlying this observation is that the SLRR process involves electron transfer from the substrate (Pd in this case) to PtCl 4 2-ions, rather than direct electron exchange from Cu. 21 This means that electrons generated anywhere on the surface can move freely through the Pd substrate, reducing PtCl 4 2-ions wherever their activity and surface energy are greatest. In other words, the Pt atom may not deposit on the same site left by Cu dissolution, but rather on Pt that was already deposited on the core leading to the formation of Pt clusters. Due to incomplete Pt coverage and low Pt usage, clustered catalysts are expected to have lower activity and stability than perfect core-shell structures. Thus, the key to synthesizing core-shell materials with good quality on a large scale is to force Pt atoms to deposit on the surface of the core rather than on Pt atoms already deposited by manipulating the Cu-Pt displacement reaction mechanisms.
This paper reports the synthesis of highly active Pt/Pd/C core-shell catalysts on a gram scale by employing additives in the Cu-Pt displacement solution. Their characterization and evaluation in both liquid and fuel cells are also reported.
Experimental Section
2.1 Core-Shell Catalyst Synthesis A custom reactor was built to synthesize gram-scale batches of core-shell catalysts using commercial Pd nanoparticles supported on Ketjen Black (Pd/C) as the core materials (TKK, 35 wt.%). The reactor comprised a graphite sheet as the working electrode, carbon cloth as the counter electrode, and an Ag/AgCl leak-free reference electrode (BASi). The procedure of coreshell catalyst synthesis is illustrated in Figure 1 . The Pd/C nanoparticles were dispersed in a 50 exposure XRD spectrum was recorded. The sample to detector distance was approximately 400 mm and was calibrated by the use of titanium dioxide (rutile) powder loaded into the sample holder of the cell in an identical fashion as done for catalyst characterization. Performing a calculation of error propagation suggests that an error in sample position of +/-1 mm will result in an error in the lattice constant of +/-0.001 nm. Further, there is an internal calibration standard for each sample corresponding to amorphous carbon peak, which is present in all of the XRD spectra collected in this work, and which always lies at the same value of 2θ.
High angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and electron energy loss spectroscopy (EELS) data were collected using a Hitachi aberration-corrected scanning transmission electron microscope (HD-2700C). An electron probe diameter of 1.3 Å with a convergence angle of 28 mrad was used. At these experimental conditions, the contrast present in the HAADF images is directly related to the atomic number and thickness of the materials. The EELS line scans were collected with a pixel time of 0.02 s and 1 s, respectively, using a Gatan Enfina-ER detector.
Electrochemical Evaluation
Approximately 5 mg of catalyst was ultrasonically dispersed in a solvent consisting of 5 mL of water, 2.5 mL of isopropanol, and 30 µL of 5% Nafion (Aldrich) for 10 min. where j is the measured current density, B is a constant, and ω is the rotation rate. A reversible hydrogen electrode (RHE) and Pt gauze were used as the reference and counter electrodes, respectively. All potentials were corrected to RHE in this paper. Long term durability of Pt/Pd/C was tested by potential cycling. A square-wave signal with 5 s each at 0.65 and 1.0 V was applied on the RDE with Pt/Pd/C in an oxygen-saturated 0.1 M HClO 4 solution at the room temperature. CV and ORR polarization curves were recorded after a certain number of cycles.
Fuel Cell Tests
Pt/Pd/C core-shell catalyst was mixed with ionomer (Ion Power) in a glass vial with a specific ionomer/carbon (I/C) ratio of 0.8. Ethanol/water solvent was added into the vial and the ink was dispersed and mixed by placing the vial in an ultrasonic water bath. The temperature of water in the bath was maintained at the room temperature and subjected to sonication for a few hours until the desired catalyst agglomerate size was achieved.
Once the catalyst ink achieved the desired agglomerate particle size, the ink was ready to be sprayed on a membrane to make the membrane electrode assembly (MEA). The membrane was obtained from a commercial vendor containing anode catalyst on one side with a Pt loading of 0.1 mg cm -2 and a geometric area of 310 cm 2 . The cathode catalyst ink was sprayed on the bare
membrane side using an automated sprayer manufactured by Sonotek TM . A few layers of catalyst ink were uniformly sprayed to obtain a Pt loading of 0.1 mg cm -2 . During spraying, the solvent evaporated inside the spray chamber. Next, the MEA was hot pressed in a pneumatic mechanical press to ensure sufficient mechanical bonding between the membrane and the catalyst layer.
The MEA was finally assembled with other components as shown in Figure 2 . The entire cell package after assembly was loaded to a pressure of 400 kPa to ensure good electrical and mechanical contact between various components to minimize Ohmic losses and ensure uniform pressure distribution.
To understand effects of temperature and air humidity on performance, cells were tested under various operating conditions as shown in Table 1 . Operating a PEM fuel cell using dry air without an external humidifier is important for automotive applications to reduce system costs and complexity. Thus, numerous tests were performed with dry air at different temperatures and humidity to map the responses of cells. Limited test results are reported here and more results will be published in a separate paper.
Results and Discussion
3.1 Pt/Pd/C Core-Shell Catalyst Characterization Typical Pt and Pd loadings of the Pt/Pd/C catalyst are 18% and 27%, respectively, measured by ICP-MS. If one monolayer of Pt were deposited on the Pd/C core, the corresponding Pt loading should be ~12% based on the Cu UPD charge on the Pd core. The higher Pt loading in the final core-shell product indicates that the thickness of the Pt shell is between 1 and 2 atomic layers. Figure 3a shows typical core-shell catalyst dispersion in a HAADF-STEM image. The inset of Figure 3b shows the HAADS-STEM image of a single core-shell particle and its EELS line profile of Pt across the particle (Figure 3b ). The sharp peaks at the two sides of the profile indicate the Pt shell on the Pd core. The thickness of the Pt shell determined in the line scan is 0.5±0.15 nm, which is equivalent to ~2 atomic layers and is consistent with the ICP data.
The quality of the Pt shell was also evaluated using a qualitative method developed recently, 12 which utilizes the ability of Pd to absorb hydrogen to form a Pd hydride structure. Figure 4 compares the XRD pattern of Pt/Pd/C in He and H 2 atmospheres measured in a customized cell.
The absence of large Pt clusters in Pt/Pd/C was confirmed by the uniform shift of the XRD peak.
One would not expect the Pt peak (same position in the He atmosphere) to shift since Pt does not absorb hydrogen resulting in a shoulder in the higher angle side of the main peak. A shoulder at the position of Pt peak in H 2 was clearly observed in a previous study of Pt/Pd/C catalysts synthesized without citric acid in the Cu-Pt displacement step. Pt . Since the theoretical ECA of a Pt monolayer is 240 m 2 /g, the measured Pt/Pd ECA is consistent with a 1.5 monolayer thick shell. In addition to a higher ECA, the core-shell also has a higher specific activity (0.6 mA cm 2 Pt ) than Pt (0.24 mA cm 2 Pt ). The price of platinum is currently ~1.6 times the price of palladium making the core shell 2.6 times more active than pure Pt on a cost basis. It is worth noting that the ratio of platinum to palladium prices has varied from 0.5 to 5.5 since 1986.
The stability of the core-shell catalyst was tested with a square-wave signal between 0.65 and 1.0 V. After 10000 cycles, the Pt mass activity dropped by 16% from 0.95 ± 0.10 to 0.8 ± 0.10 A mg -1 . Pt/Pd/C was more stable than Pt/C, which degraded 42% under the same conditions ( Figure   5d ).
Cell Test Results
The performances of cells containing Pt/Pd/C core-shell catalyst (18% Pt, 27% Pd) and the conventional Pt/C catalyst (20% Pt, TKK) on oxygen and air are compared in Figure 6 . Both cathode catalyst layers contain 0.1±0.03 mg cm -2 Pt. The coolant exit temperature was maintained at 80 o C, the coolant flow rate was 300 mL min -1 , gases entered the cell with dew points of 80 o C (yielding approximately 100% relative humidity at the local cell temperature), and gases exited the cell at 140 kPa abs . Oxygen utilization was 50% in the pure oxygen experiment and 67% in the air experiment, while hydrogen utilization was 67% in the pure oxygen experiment and 83% in the air experiment. These are tests 1 and 2 in Table 1 . The core-shell cell is consistently better than the Pt cell on both oxygen and air. The oxygen curves are nearly vertically offset, which is consistent with improved oxygen-reduction kinetics. The carbon support, ionomer, and ionomer to carbon mass ratio are identical in the two catalyst layers. The estimated electrode thicknesses, assuming 50% porosity, are 5.2 and 6.5 m for the core-shell and Pt catalyst layers, respectively. The visible similarity of the polarization curves measured on air and oxygen indicates that the two electrodes achieved similar Ohmic and oxygen-transport losses, consistent with design intent. Switching from air to oxygen should boost performance by 45 mV in the kinetic region for a Tafel slope of 67 mV/decade. The platinum electrode showed this expected behavior, but an unexpectedly small boost was observed on the core-shell electrode. This discrepancy could not be reproduced at the RDE level by switching from oxygen to air and remains unexplained. Table 2 compares electrochemical areas and mass activities at 0.9 V in RDE and in cell. Mass activities were estimated for air and oxygen at the temperature of the cell assuming Tafel slopes of 65 mV decade -1 . Mass activities in H 2 /air cells were corrected for oxygen concentration. For the Pt cell, mass activities estimated from the cell data on air and oxygen were similar and consistent with the corresponding RDE measurements. For the core-shell cell, a substantially higher mass activity was estimated from the air data than from the oxygen data. The mass activity determined with RDE exceeded both of these values. Hydrogen adsorption measurements on smaller (25 cm 2 ) electrodes gave electrochemical surface areas of 70 m 2 g Pt -1 for the core-shell and 50 m 2 g Pt -1 for Pt. Both of these ECAs are significantly lower than those measured in RDE, but the difference is more drastic for the core shell. Certainly, the low core-shell ECA observed in the cell is partially responsible for not achieving the expected mass activity. The relatively low ECA of the core shell in the electrode could be due to an inability of the polymer electrolyte to contact some sites that can be contacted by liquid electrolyte, or damage occurring during ink fabrication or spraying. Figure 7 shows voltage differences between the core-shell cell and the Pt cell as a function of current density on oxygen, air, and helox (21% O 2 in He). Application of various gases enables a rough separation of various losses. Transport in the catalyst layer is complex, involving Knudsen diffusion of gases in small (< 100 nm) pores, permeation of oxygen through ionomer, proton movement in ionomer, and multiphase water transport. 23 The performance on oxygen is expected to be dominated by kinetic and Ohmic losses. Switching from pure oxygen to helox activates oxygen transport losses in ionomer and in nanopores. Normal gas-phase diffusion losses become important when the balance gas is switched from helium to nitrogen. The differences are always positive as the core-shell electrode is more active than the Pt electrode. The voltage difference on oxygen is approximately 10 mV. This is consistent with the core-shell electrode having a mass activity that is 1.4X higher than the Pt electrode. A difference of 44 mV would be consistent with the 4.8X higher activity observed in RDE. A higher Ohmic loss is expected in the Pt catalyst layer because it is ~1 m thicker. The sheet resistance of the catalyst layer should increase by ~2 m-cm 2 for an ionomer volume fraction of 20% and an ionomer conductivity of 0.17 S cm -1 . The slope of the oxygen difference curve in Figure 7 is about 2.5 m-cm 2 .
Oxygen transport losses are minimal when pure oxygen is fed to the cell. Normal gas-phase transport losses remain unimportant when the oxidant is switched to helox (21% O 2 in He), however oxygen transport losses in the ionomer and in small pores governed by Knudsen diffusion become important. The Ohmic losses in the cathode can also increase as the current shifts away from the membrane. The slope of the difference curve on helox is approximately 4X larger than the slope on oxygen, indicating that additional transport losses become important. The offset also increases from approximately 10 mV on oxygen to 20 mV on helox. The activity of the core-shell electrode appears to be higher on helox than oxygen. A 20 mV offset corresponds to an activity improvement of 2X, which is less than half of the gain observed on RDE. Normal gas diffusion losses become important when the balance gas is switched from helium to nitrogen. The air and helox curves are similar below 1.2 A/cm 2 , but they diverge at higher current densities. The activities on air and helox thus appear to be similar; however additional transport losses appear on air at high current densities. The data indicates that transport losses are lower in the core-shell electrode than the Pt electrode. Thus, the inability of the core shell to achieve the activity observed in RDE does not carry over to other types of polarization. 
Conclusions
Core-shell catalysts consisting of an ultrathin Pt shell and a Pd core were successfully Pt , which is double that of commercial Pt/C. Full scale fuel cell tests were performed to compare the Pt/Pd/C core-shell catalyst with regular Pt/C catalyst under various temperature and humidity conditions. The core-shell catalyst was approximately 20 and 60 mV higher than Pt/C in the low and higher current density regions on H 2 -air, respectively. The cell with core-shell catalyst did not show the improvement at the low current densities as observed in RDE. The lower than predicted performance may be due to ink fabrication and spraying steps. Test results with different ink preparation and MEA fabrication processes will be summarized in a separate publication. Overall, Pt/Pd/C core-shell catalyst performs better than regular Pt/C catalyst under both high and low humidity conditions at all temperatures tested (60 -85ºC). 
